Abstract Store-operated Ca 2+ entry (SOCE) is a common and ubiquitous mechanism regulating Ca 2+ influx into cells and participates in numerous biological processes including cell proliferation. Glomerular mesangial cells (GMCs) play a role in the regulation of the glomerular filtration rate. From a clinical point of view, many physiological functions alter with age. In the present study, we used angiotensin II, glucagon, and the sarco/endoplasmic reticulum membrane Ca 2+ pump inhibitor thapsigargin to deplete the internal Ca 2+ stores for the activation of SOCE. We found that SOCE was significantly attenuated in GMCs from aged (22-month-old) rats. The expression of SOCErelated components, stromal interaction molecule 1 (STIM 1) and Orai 1, in freshly isolated glomeruli notably decreased, and STIM 1 and Orai 1 puncta formation significantly reduced in primary-cultured GMCs in aged rats. Moreover, specific knockdown of STIM 1 and Orai 1 by small interfering RNA markedly suppressed SOCE and cell proliferation of GMCs isolated from young (3-month-old) rats. We conclude that the attenuation of GMCs proliferation can be attributed to the decreased SOCE partially caused by reduced expression of STIM 1 and Orai 1.
Introduction
Store-operated Ca 2+ entry (SOCE) is mediated via specific plasma membrane channels in response to the depletion of Ca 2+ from intracellular Ca 2+ stores. This Ca 2+ entry pathway is a common and ubiquitous mechanism regulating Ca 2+ influx into cells (Putney 2011) . In both excitable and non-excitable cells, SOCE regulates diverse cellular functions ranging from cell proliferation and gene expression to cell contraction and secretion (Berridge et al. 2003; Parekh and Putney 2005; Venkatachalam et al. 2002) . Over the past decade, we (Ma et al. 2000 and others (Mene et al. 1994) have found that SOCE plays a role in Ca 2+ influx stimulated by agonists in human glomerular mesangial cells (GMCs).
The transient receptor potential (TRPC) family contains seven subfamilies that form Ca 2+ -selective and Ca 2+ -nonselective cation channels in a variety of mammalian cells. TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 proteins were identified in GMCs (Facemire et al. 2004; Sours-Brothers et al. 2009 ). Previous studies demonstrated that TRPC1, 4, and 6 contributed to SOCE in GMCs (Sours-Brothers et al. 2009; Wang et al. 2004 Wang et al. , 2007 . However, accumulating evidence suggests that the stromal interaction molecule 1 (STIM 1) and Orai 1 are key components of SOCE. STIM 1 is a single transmembrane protein. The N-terminus of STIM 1 is located in the lumen of the endoplasmic reticulum (ER) and functions as a Ca sensor. The C-terminus of STIM 1 is located in the cytosol and activates SOCE upon store depletion by interacting with the plasma membrane Orai 1 Liou et al. 2005; Roos et al. 2005 ). Knockdown of STIM 1 expression using specific small interfering RNA (siRNA) significantly reduced SOCE in a number of cell types, whereas STIM 1 overexpression modestly enhanced SOCE (Feske et al. 2006; Roos et al. 2005; Williams et al. 2002; Liou et al. 2005) . Orai 1 is a four-transmembranedomain protein. Knockdown of Orai 1 notably decreased SOCE (Peinelt et al. 2006; Soboloff et al. 2006) . Indeed, it is widely accepted that Orai 1 and STIM 1 concertedly determine SOCE in a variety of cells. SOCE plays a fundamental role in controlling renal microcirculation and glomerular hemodynamics. Growing evidence shows that perturbations in SOCE function in particular regions of the kidney cause pathologic outcomes, such as diabetic nephropathy. Renal senescence induces a series of physiological and structural alterations that impair renal function in aged individuals. The best documented physiological change is that of the glomerular filtration rate (GFR) in aged animals and humans. However, there is no evidence on age-dependent changes in the proliferation and SOCE of GMCs. In the present study, we investigated whether SOCE was impaired in aged rat GMCs. We further tested whether the expression levels of STIM 1 and Orai 1 were reduced in aged GMCs.
Experimental procedures

Materials
Fura-4/AM, Pluronic F-127, RPMI 1640 medium, fetal bovine serum (FBS), and Lipofectamine RNAiMAX reagent were purchased from Invitrogen. Small interfering RNA was synthesized by Invitrogen. Desmin antibody was purchased from Abcam. STIM 1 and Orai 1 antibodies were purchased from ProSci. β-Tubulin antibody was purchased from Santa Cruz. Bromodeoxyuridine (BrdU) antibody was purchased from Shanghai Fankel Biological Technology, Ltd. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Nonidet P-40, sodium deoxycholate, SDS, EDTA, collagenase type I, thapsigargin, angiotensin II, glucagon, BrdU, and BSA were purchased from Sigma. The enhanced chemiluminescence (ECL) western blotting detection system was purchased from Amersham Pharmacia. Protease inhibitor cocktail tablets were purchased from Roche.
Preparation, culture of rat GMCs, and siRNA transfection All animal experiments were conducted in accordance with NIH publication no. 8523 and approved by the Animal Experimentation Ethics Committee of Anhui Medical University. Primary-cultured rat GMCs were isolated from male Sprague-Dawley rats aged 3 or 22 months old. The rats were fed with standard diet. Primary culture of GMCs was performed according to the literature with slight modifications (Singh et al. 2003) . The rats were anesthetized, and the bilateral kidneys were isolated. The capsules of the kidneys were removed into phosphate-buffered saline (PBS) (140 mmol/L NaCl, 3 mmol/L KCl, 25 mmol/L Tris, pH7.4) at 4°C. The kidneys were longitudinally opened. The center and medulla of the kidneys were cut away, and the cortex was saved. We used two razor blades held together to mince the cortexes until they resembled a paste. The cortex paste was then passed through the center of a 120 sieve, followed by a 150 sieve and a 250 sieve. Following washout, glomeruli from the upper side of the 250 sieve were collected. The samples were centrifuged at 500×g for 10 min at 4°C. The pellet was resuspended in 0.3 % collagenase (type I) and incubated for 30 min at 37°C. Subsequently, the cell suspension was seeded into a 25-cm 2 flask containing RPMI 1640 medium supplemented with 10 % FBS, 100 μg/mL penicillin, and 100 U/mL streptomycin. The cells were cultured in a 37°C incubator with 5 % CO 2 .
Rat STIM 1 and Orai 1 siRNA sequences were obtained from the literature. The sequence for rat STIM-1 siRNA was UAAGGGAAGACCUCAAUUA (sense strand) and UAAUUGAGGUCUUCCCUUA (antisense strand) (Potier et al. 2009 ). The Orai-1 siRNA sequence was CAACAGCAAUCCGGAGCUU (sense strand) and AAGCUCCGGAUUGCUGUUG (antisense strand) (Potier et al. 2009 ). siRNA delivery was achieved using Lipofectamine RNAiMAX reagent according to the manual.
Western blot analysis
The proteins were extracted from the lysates of glomeruli with detergent extracted buffer, which contained 1 % Nonidet P-40, 150 mmol/L NaCl, and 20 mmol/L TrisHCl, pH8.0, plus protease inhibitor cocktail tablets. For immunoblots, the poly (vinylidene difluoride) membrane carrying transferred proteins was incubated at 4°C overnight with the primary antibodies: anti-STIM 1 or anti-Orai 1 (1:200). Immunodetection was accomplished using horseradish peroxidase-conjugated secondary antibody, followed by processing through an ECL detection system. The optical density of each blot was normalized to that of β-tubulin analyzed within the same lane and represented as relative optical density.
Immunofluorescence
The freshly isolated kidneys were embedded in tissue freezing medium (Leica) and placed in nitrogen to solidify the medium and tissue. Then, 5-μm-thick sections were prepared. For primary-cultured GMCs, the cells were seeded onto coverslip. After overnight growth, the cells were treated with agonists for 10 min in Ca 2+ -free saline solution. The sections or cells were fixed with 4 % formaldehyde for 10 min, followed by permeabilization with 0.1 % Triton X-100 in PBS. After blocking with 2 % bovine serum albumin with PBS at room temperature for 1 h, they were incubated with primary antibody at 4°C overnight. After washing with PBS three times, the sections were incubated with donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (1:200) for 1 h at room temperature. Eventually, the sections were mounted in 90 % glycerol in PBS, and the fluorescent signals were detected using a Leica TCS SP5 confocal laser system.
Cytosolic Ca 2+ ([Ca 2+ ] i ) was measured as described elsewhere (Shen et al. 2011) . Briefly, GMCs were loaded with 10 μmol/L Fluo-4/AM at 37°C for 30 min. Ca Fluorescence was recorded using a Leica TCS SP5 confocal laser system. Changes in [Ca 2+ ] i were displayed as the ratio of fluorescence relative to the intensity before the application of extracellular Ca 2+ (F1/F0).
MTT assay
Cell proliferation was assessed via the uptake of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The rat GMCs were seeded in 96-well plates in RPMI 1640 plus 10 % FBS. On the following day, the cells were starved for 16 h. Then, 200 μL of RPMI 1640 plus 10 % FBS was added to each well, and the cells were cultured for 24 h. Then, 200 μL of fresh medium containing MTT (final concentration, 250 μg/mL) was added to each well. After incubation at 37°C for 4 h, the cell medium was carefully removed. The trapped MTT crystals were then solubilized by adding 200 μL DMSO/well at 37°C for 15 min. Absorbance at 450 nm was measured in a PECTRA max 190 reader (molecular device).
Bromodeoxyuridine assay
Bromodeoxyuridine, which can be incorporated into newly synthesized DNA, was also used to verify cell proliferation. Briefly, primary-cultured rat GMCs were seeded onto coverslip and synchronized in DMEM medium supplemented with 0.1 % fetal bovine serum for 3 days. The cells were labeled with BrdU for 24 h and then fixed. Then, immunocytochemistry was employed to identify BrdU-positive cells. BrdU-positive cells were counted under microscope.
Results
SOCE in GMCs of young and aged rats
Firstly, thapsigargin (TG) was used to activate SOCE by passive depletion of internal Ca 2+ stores. The GMCs were treated with 4 μM TG in Ca 2+ -free saline solution for 10 min after which 1 mM Ca 2+ was added to the extracellular solution. TG-evoked Ca 2+ release significantly reduced in aged rat GMCs comparing with young cells (supplementary Fig. 1a; Fig. 1a, b) . Simultaneously, Ca 2+ influx increased robustly in GMCs from young rats (Fig. 1a, c) , but this response was markedly attenuated in aged rat GMCs (Fig. 1b, c) . Interestingly, physiological agonists angiotensin II (Ang II, 1 μM) and glucagon (10 nM)-evoked SOCE also significantly attenuated in aged rat GMCs (Fig. 1d-i) . Ang II-evoked Ca 2+ release dramatically reduced in aged rat GMCs in Ca 2+ -free saline solution, but no significant difference was found in glucagon-evoked Ca 2+ release between young and aged GMCs (supplementary Fig. 1b, c; Fig. 1d, e, g,  h) . Therefore, SOCE are greatly impaired in aged GMCs. On the other hand, TG and Ang II-sensitive Ca 2+ stores are also impaired in aged GMCs, but glucagon-sensitive stores are not. It causes that the intensity of the store depletion induced by TG and Ang II becomes weaker. This may be the reason why the reduction of SOCE evoked by TG and Ang II is much stronger than that induced by glucagon. Expression levels of STIM 1 and Orai 1 in GMCs of young and aged rats Many studies have demonstrated that STIM 1 and Orai 1 proteins are involved in SOCE. To study the mechanism for the reduced SOCE in aged rats, we examined the expression levels of the two proteins in GMCs from young and aged rats. Western blotting showed that the expression of both STIM 1 and Orai 1 proteins was reduced in aged GMCs compared with that in younger rats (Fig. 2) . Immunofluorescence staining also indicated that the fluorescence signals representing STIM 1 and Orai 1 in GMCs were much less intense in aged rats compared with young rats (Fig. 3) . No signal was observed in the negative control (omission of primary antibody) (Fig. 3, control) .
STIM 1 and Orai 1 contribute to SOCE activity in GMCs
In order to determine whether STIM 1 or Orai 1 contributed to SOCE in GMCs, we transfected siRNAs against Fig. 2 Expression levels of STIM 1 and Orai 1 in glomeruli from young and aged rats. Representative images and summarized data showing the expression levels of Orai 1 (a) and STIM 1 (b) in fresh isolated glomeruli from young and aged rats. β-Tubulin was used as loading control. Protein levels were expressed as relative optical density. Mean ± SE; *P<0.05. Young (3 months) vs aged (22 months), n=6 human STIM 1 or Orai 1 into primary-cultured GMCs isolated from young rats. Knockdown of either STIM 1 or Orai 1 did not affect TG-evoked Ca 2+ release (supplementary Fig. 2a ) but significantly reduced SOCE (Fig. 4a-d) in GMCs. These results are consistent with reports that STIM 1 contributes to SOCE in GMCs (Zhang et al. 2007; Sours-Brothers et al. 2009 ) and, for the first time, show that Orai 1 also mediates SOCE in GMCs. Similar results were also found in 1 μM Ang IIevoked and 10 nM glucagon-evoked SOCE (Fig. 4e, f) . Ang II-and glucagon-evoked Ca 2+ release were not altered in the treatment of Orai 1 siRNA but suppressed by STIM 1 siRNA significantly (supplementary Fig. 2b,  c) . It indicates that probably, STIM 1 is essential to maintain the Ca 2+ level of Ang II and glucagonsensitive store. However, Orai 1 siRNA did not alter agonist-evoked Ca 2+ release and expectedly suppressed agonist-evoked SOCE. The result safely convinces that Orai 1 and STIM 1 involve in SOCE in GMCs.
It is well known that store depletion will trigger STIM 1 and Orai 1 to form puncta (Zhou et al. 2010; Liou et al. 2007) . STIM 1 and Orai 1 puncta formation directly correlates to SOCE activity (Liou et al. 2005 ). Similar to the glomerulus, immunofluorescence images also indicate that the expression level of STIM 1 and Orai 1 decreased in aged rat GMCs (Fig. 5) . In GMCs from young rats, 4 μM TG, 1 μM Ang II, and 10 nM glucagon strongly induced STIM 1 and Orai 1 puncta formation (Fig. 5) . However, the intensity of STIM 1 and Orai 1 puncta formation is obviously weakened in aged rat GMCs (Fig. 5) .
Decrease in proliferation in GMCs from aged rats
Many studies have demonstrated a role for SOCE in cell proliferation. We thus investigated whether a lower SOCE in the aged GMCs led to a lower rate of GMC proliferation. MTT and BrdU assays were used to assess GMC proliferation. As shown in Fig. 6a , c, proliferation was notably lower in aged rat GMCs compared with young rat GMCs. Furthermore, knockdown of either STIM 1 or Orai 1 suppressed the proliferation of primary-cultured GMCs from young rats (Fig. 6b, d ).
Discussion
The present study found that the SOCE activity and proliferation of GMCs from aged rats were significantly reduced in comparison with younger rats. These changes may be attributed to the reduced expression of SOCErelated components including STIM 1 and Orai 1 in aged rat GMCs. It is known that intracellular Ca 2+ is a critical second messenger linking external stimuli to cell proliferation. If the cell is not capable of maintaining an adequate level of Ca 2+ in intracellular stores, many cellular functions including posttranslational modifications of recombinant proteins will be abnormal. Store depletion may elicit problematic protein trafficking, sarcoplasmic reticulum (SR) stress (Cudna and Dickson 2003) , growth arrest (Short et al. 1993) , and apoptosis (He et al. 1997) caused by the resulting disturbance of posttranslational protein modification. Ca 2+ influx through SOCE involves keeping a sustained high Ca 2+ concentration in the Ca 2+ Fig. 6 The ability of cell proliferation determined by BrdU and MTT assays. . SOCE was shown to be upregulated in proliferating porcine bronchial smooth muscle cells, aortic smooth muscle cells, and pulmonary artery smooth muscle cells (Sweeney et al. 2002; Lu et al. 2009; Berra-Romani et al. 2008) . Our data suggest that SOCE activity contributes to mesangial cell proliferation and that decreased SOCE contributed to a lower proliferation rate in GMCs.
We and others have demonstrated that SOCE participates in Ca 2+ signaling in GMCs (Mene et al. 1994; Ma et al. 2000; Mene et al. 1996; Zhang et al. 2007 ). The present study found that TG-, Ang II-, and glucagonevoked activations of SOCE were significantly reduced in primary-cultured aged rat GMCs in comparison with those from younger rats. Recently, STIM 1 has been identified as a Ca 2+ sensor in the ER, activating SOCE in the plasma membrane upon store depletion (Liou et al. 2005; Roos et al. 2005) . STIM 1 that is diffusely distributed in the ER membrane translocates to the ER-plasma membrane junctions upon store depletion, where it triggers SOCE (Lewis 2007; Baba et al. 2006; Liou et al. 2007 ). Thus, SOCE can be considered as channels that are regulated by STIM 1 and require store depletion that leads to clustering of STIM 1. Several studies have shown that STIM 1 regulates SOCE in GMCs (Zhang et al. 2007; Sours-Brothers et al. 2009 ). Moreover, Orai 1 is critical for TRPC1-mediated SOCE in platelets and salivary glands (Braun et al. 2009; Ong et al. 2007) . Dynamic assembly of a TRPC1-STIM 1-Orai 1 complex is involved in SOCE, and endogenous Orai 1, STIM 1, and TRPC1 concertedly regulate SOCE in salivary gland cells (Ong et al. 2007 ). However, until now, there has been no evidence that Orai 1 contributes to SOCE in GMCs. The present study demonstrates that STIM 1 and Orai 1 protein levels were significantly lower in aged rat GMCs compared with those from younger rats. This may be a mechanism for decreased mesangial cell proliferation in aging.
Physiological agonists including Ang II and glucagon activate G-protein-coupled receptor to produce IP3 via phospholipid C pathway then release store Ca 2+ to evoke SOCE. In pathological condition such as reninAng II-dependent hypertension and type II diabetes, the concentration of Ang II or glucagon is usually elevated in local renal tissue or circulation (Kobori et al. 2007; Christensen et al. 2011) . Inappropriate activation of SOCE in GMCs may enhance GMCs proliferation and contraction leading to decreased GFR. Therefore, it may be one of mechanisms for causing hypertension and diabetic kidney disease. However, recent study reported that SOCE reduced in platelets from diabetic patients (Jardin et al. 2011) . Thus, the change of SOCE and its elements in GMCs of diabetic animals is still remained.
Beside STIM 1 and Orai 1, other isoforms including STIM 2, Orai 2, and Orai 3 are also widely expressed in mammalian cells. STIM 2 can weakly activate Orai and is more sensitive to small changes in ER Ca 2+ concentration (Soboloff et al. 2012) . Recent studies show that Orai 1, Orai 2, and Orai 3 are all expressed in the kidney (Berna-Erro et al. 2012) . But the expression pattern and functional role of STIM 2, Orai 2, and Orai 3 in mesangial cells are absent in the present study and still unknown. Therefore, we cannot exclude these components to function in SOCE and proliferation in GMCs. In future, this study should be beneficial to make the whole picture clear. However, our finding safely suggests that STIM 1 and Orai 1 importantly involve in SOCE and proliferation in GMCs. In conclusion, our data suggest that the attenuated GMC proliferation in aging can be attributed to the decrease in SOCE partially caused by reduced expression of STIM 1 and Orai 1.
